Cytoskeletal remodeling is critical for cell adhesion, spreading, and motility. p21-activated kinase (PAK), an effector molecule of the Rho GTPases Rac and Cdc42, has been implicated in cytoskeletal remodeling and cell motility. PAK kinase activity and subcellular distribution are tightly regulated by rapid and transient localized Rac and Cdc42 activation, and by interactions mediated by adapter proteins. Here, we show that endogenous PAK is constitutively activated in certain breast cancer cell lines and that this active PAK is mislocalized to atypical focal adhesions in the absence of high levels of activated Rho GTPases. PAK localization to focal adhesions in these cells is independent of PAK kinase activity, NCK binding, or GTPase binding, but requires the association of PAK with PIX. Disruption of the PAK-PIX interaction with competitive peptides displaces PAK from focal adhesions and results in a substantial reduction in PAK hyperactivity. Moreover, disruption of the PAK-PIX interaction is associated with a dramatic decrease of PIX and paxillin in focal adhesions, indicating that PAK localization to these structures via PIX is required for the maintenance of paxillin-and PIX-containing focal adhesions. Abnormal regulation of PAK localization and activity may contribute to the tumorigenic properties of certain breast cancer cells.
INTRODUCTION
Regulated cell migration is required for a variety of physiological processes, including immune cell function, tissue remodeling, neurogenesis, and wound healing. Improper regulation of cell migration can contribute to pathological processes, including tumor cell invasion and metastasis. Cell migration is a coordinated process involving directed protrusion of the cell membrane, attachment of the membrane to the substratum, contraction of the cell body, and detachment of the cell rear (Lauffenburger and Horwitz, 1996) . The dynamic reorganization of the actin cytoskeleton by the Rho GTPases Rac, Cdc42, and Rho orchestrates cell motility (Ridley, 2001; Etienne-Manneville and Hall, 2002) . Activation of Rac and Cdc42 promote the polymerization of actin filaments and membrane protrusion via activation of the Arp 2/3 complex Machesky et al., 1999; Rohatgi et al., 1999; Miki et al., 2000) . Rac also promotes the formation of transient, nascent sites of adhesion at the tips of the cell membrane protrusions known as focal complexes (Nobes and Hall, 1999; Rottner et al., 1999) . Rho promotes cell contractility, formation of actin stress fibers, and maturation of focal complexes into larger, more stable adhesive structures known as focal adhesions (Chrzanowska-Wodnicka and Burridge, 1996; Clark et al., 1998; Nobes and Hall, 1999; Rottner et al., 1999) . More than 50 proteins have been shown to localize to focal adhesions, including the integrins, transmembrane receptors for extracellular matrix proteins, the protein kinases src and FAK, and the adaptor proteins paxillin, ␣ actinin, and vinculin, which link integrins and protein kinases to the actin cytoskeleton Zamir and Geiger, 2001 ). Focal adhesions not only serve as the link between the extracellular matrix, integrins, and the actin cytoskeleton but also function as signal transduction centers important in the regulation of cell growth and cell death responses.
Recently, the p21-activated kinase (PAK)1 has been shown to localize to focal complexes at the tips of membrane protrusions in response to stimuli that activate Rac and Cdc42 and promote cell migration (Dharmawardhane et al., 1997; Sells et al., 2000) . The PAK family of serine/threonine kinases are important effectors of Rac and Cdc42 (Bokoch, 2003) . PAKs 1-3 are activated by binding of active Rac and Cdc42 to PAK homodimers at an N-terminal regulatory domain (Parrini et al., 2002) . GTPase binding disrupts an inhibitory interaction between the PAK kinase domain and the PAK autoinhibitory domain, resulting in PAK phosphorylation and activation Zenke et al., 1999) . PAK1 has been shown to modulate dynamics of the actin and microtubule cytoskeletons to regulate cell migration. Overexpression of constitutively activated PAK1 mutants induces dissolution of actin stress fibers and focal adhesions and increases membrane protrusions, cell polarization, and cell motility (Manser et al., 1997; Sells et al., 1997 Sells et al., , 1999 Frost et al., 1998) . Conversely, in endothelial cells, overexpression of active PAK1 results in decreased cell migration and stabilization of actin stress fibers and focal adhesions . These effects are mediated through the action of PAK on cytoskeletal regulatory proteins such as LIM kinase (Edwards et al., 1999) , myosin light chain kinase , filamin A , and Op18/ Stathmin (Daub et al., 2001; Wittmann et al., 2003) . Increased PAK activity has been correlated with enhanced motility and invasiveness of human breast cancer cell lines .
The molecular mechanism(s) that localize PAK1 to focal adhesions and focal complexes are beginning to be investigated. Ectopic expression of kinase-dead PAK1 or a kinase domain truncation mutant of PAK1, but not wild-type or constitutively active PAK1, results in the localization of PAK to focal adhesions in HeLa cells (Manser et al., 1997) . Wildtype PAK1 localizes to focal adhesions both in the presence of the autoinhibitory domain of PAK (Zhao et al., 2000a) and upon expression of activated forms of Rac or Cdc42 (Manser et al., 1997) , leading to the apparently contradictory results that both inactivating PAK with the autoinhibitory domain or activating PAK kinase with active GTPases can induce focal adhesion localization. The regions of PAK1 required for focal adhesion targeting have been examined. The N terminus of PAK1 contains multiple proline-rich sites that bind to src homology (SH)3 domain-containing proteins, including the adaptor proteins NCK Galisteo et al., 1996) and Grb2 (Puto et al., 2003) and the guanine nucleotide exchange factor PIX . Both PIX and NCK have been implicated in localization of PAK to focal adhesions, because disruption of either the NCK- (Zhao et al., 2000a) or PIX-binding proline-rich regions abrogated the ability of ectopically expressed PAK1 to localize to focal adhesions. Recently, it has been demonstrated that the highly homologous ARF GAP proteins PKL (Turner et al., 1999) and GIT1 (Premont et al., 1998) play important roles in targeting PAK to focal adhesions (Brown et al., 2002; Manabe Ri et al., 2002) . PKL and GIT1 serve as adaptor proteins, able to bind the focal adhesion protein paxillin and PAK-associated PIX (Turner et al., 1999; Zhao et al., 2000b) . Overexpression of paxillin mutants that no longer bind PKL prevented localization of the N terminus of PAK to focal adhesions (Brown et al., 2002) .
In this study, we show that PAK1 and/or PAK2 are constitutively activated in SK-BR-3 and ZR-75-1 human breast cancer cell lines in the absence of high levels of activated Rac1 or Cdc42. Moreover, endogenous, activated PAK is constitutively localized to large, atypical focal adhesion structures. The binding of PIX, but not Rho GTPases or NCK, to PAK targets PAK to these focal adhesions. The displacement of PAK from focal adhesions abrogates constitutive PAK activity and leads to the increased turnover of these paxillin-and PIX-containing adhesion structures. These results indicate an unexpected role for PAK/PIX association in the maintenance of paxillin-containing focal adhesions.
MATERIALS AND METHODS

Tissue Culture
Human breast cancer cell lines MDA-MB 231, SK-BR-3, and ZR-75-1 were grown in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 1 mM glutamine, 10 mM HEPES, 100 U/ml penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . The hamster fibroblast cell line BHK-21 was grown in Glasgow MEM containing 5% heat-inactivated fetal bovine serum, 1 mM glutamine, 10 mM HEPES, 100 U/ml penicillin-streptomycin, 5% tryptone phosphate buffer at 37°C in a humidified atmosphere of 5% CO 2 .
PAK Kinase Assay
PAK in-gel kinase assays were performed as described previously (Ding et al., 1996) . In brief, cells were lysed in radioimmunoprecipitation (RIPA) buffer (100 mM Tris, 0.15 M NaCl, 1% cholate, 1% NP-40, 0.1% SDS) containing the following inhibitors: 2 mM vanadate, 50 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, and 20 g/ml leupeptin. Cell lysates were made to 1ϫ SDS-PAGE buffer and heated at 100°C for 5 min. Approximately 40 g of protein was loaded per lane. PAK activity was measured in a 7% SDS-PAGE gel containing p47 phox peptide substrate (CRRSSIKRLSYRRNS) and subjected to autoradiography for visualization. PAK in vitro kinase assays were performed as described previously , except that endogenous PAK was immunoprecipitated from RIPA lysates.
Immunoblots and GTPase Activity Assay
Immunoblots were performed as described previously (Puto et al., 2003) . In brief, cells were lysed in RIPA buffer (as described above), and ϳ40 g of protein was loaded per lane onto a 7% SDS-PAGE gel or a 12% SDS-PAGE gel to separate Rho GTPases. The gel was transferred to nitrocellulose membrane (Millipore, Billerica, MA) by using a transfer apparatus (Bio-Rad, Hercules, CA). PAK was detected using polyclonal antisera R2124 (Knaus et al., 1995) at a dilution of 1:2000. Rho GTPases were detected using polyclonal ␣Cdc42 at a dilution of 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal ␣Rac1(UBI) at a dilution of 1:2000, and monoclonal ␣RhoA (Santa Cruz Biotechnology) at a dilution of 1:1000. Polyclonal ␣PIX antisera were generated against GST-␣PIX fusion protein containing the SH3 domain of ␣PIX. ␣/␤PIX was detected with polyclonal ␣PIX antibody at a concentration of 1:10,000. For polyclonal antibodies, immunoblots were incubated with protein A horseradish peroxidase (Amersham Biosciences, Piscataway, NJ) at a dilution of 1:5000; for monoclonal antibodies, immunoblots were incubated with goat ␣mouse horseradish peroxidase (Amersham Biosciences) at a dilution of 1:5000. Immunoreactive proteins were visualized using chemiluminescence (Pierce Chemical, Rockford, IL). For immunoprecipitations, cell lysates were incubated with monoclonal ␣myc antibodies (9E10) at a dilution of 1:100 or ␣PAK (R2124) at a dilution of 1:100 for 2-3 h at 4°C and were incubated with bovine serum albumin (BSA)-coated protein A beads (Repligen, Waltham, MA) for ␣PAK immunoprecipitates or BSA-coated protein G beads (Amersham Biosciences) for ␣myc immunoprecipitates for 1 h at 4°C. Immunoprecipitated proteins were washed three to four times with lysis buffer, made to 1ϫ SDS-PAGE buffer, and heated at 100°C for 5 min before separation by SDS-PAGE. GTP-bound Rac1, Cdc42, or RhoA were determined using the affinity based pull-down assays as described previously (Benard et al., 1999; Ren et al., 1999) . For activation of endogenous G proteins, cell lysates were treated with 10 mM MgCl 2 , 10 mM NaF, and 10 M AlCl 3 to generate AlF 4 Ϫ .
Immunofluorescence and F-Actin Staining
Cells grown on coverslips were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS) for 20 min, permeabilized in PBS containing 0.5% Triton X-100 for 20 min, and blocked with 3% BSA in PBS for 1 h. Coverslips were incubated for 1 h with one of the following primary antibodies: polyclonal ␣pPAK raised against the phosphorylated peptide SKRST(P)MVGTPYC corresponding to amino acids 419 -429 of PAK1 at 1:200 (Sells et al., 2000) , polyclonal ␣pPAK raised against the phosphorylated peptide PEHTK-S(P)VYTRS(P)VIEP corresponding to amino acids 193-207 of PAK1 at 1:500 (Shamah et al., 2001) , monoclonal ␣vinculin (Sigma-Aldrich, St. Louis, MO) at 1:1000 and monoclonal ␣paxillin at 1:500 (BD Transduction Laboratories, Lexington, KY), polyclonal ␣PIX at 1:2000, polyclonal azyxin B71 at 1:500 (Hoffman et al., 2003) , and polyclonal ␣NCK (NeoMarkers) at 1:200. For ␣PIX staining of microinjected cells, aliquots of ␣PIX antisera were incubated with glutathione S-transferase (GST) fusion protein overnight at 4°C to remove ␣GST antibodies. Coverslips were then washed three times in PBS for 1 h and incubated with one of the following secondary antibodies for 1 h at a dilution of 1:500: for cells stained with a monoclonal primary antibody, Alexa Fluor 488 or 568-conjugated goat ␣mouse antibody (Molecular Probes, Eugene, OR); for cells stained with a polyclonal primary antibody, Alexa Fluor 488 or 568 goat ␣rabbit antibody (Molecular Probes). F-actin was detected using Alexa Fluor 568-conjugated phalloidin at 1:500 (Molecular Probes). Cells were washed three times in PBS for 1 h and mounted with ProLong mounting media (Molecular Probes). Micrographs were taken using an Olympus IX 70 inverted microscope system equipped with ISEE analytical imaging software by using 60ϫ and 100ϫ objectives.
Plasmids and Transient Transfection
pGEX-KG encoding PAK 1-74 and PAK 147-231 were kind gifts of M. Cobb (University of Texas, Dallas, TX). pGEX4T encoding PAK1 67-150 has been described previously (Benard et al., 1999) . GST proteins were purified as described previously , except that proteins were dialyzed against 25 mM Tris, pH 7.5, 50 mM NaCl. Semliki Forest virus (SFV) constructs encoding myc-tagged PAK1, PAK1 K299R, PAK1 T423E, PAK1 83,86L, PAK1 83,86L K299R, PAK1 67-150, PAK1 83-149, and PAK1 83-149 L107F have been described previously (Edwards et al., 1999; Sanders et al., 1999; Mira et al., 2000) . Myc-tagged PAK1 1-74, PAK1 R193A, P194A, and PAK1 P13A, and myc tagged RhoAT19N, Rac1T17N, and Cdc42T17N were subcloned into the pSFV3 SFV vector (Invitrogen, Carlsbad, CA) by using standard cloning techniques. PAK1 1-205-CAAX in the mammalian expression vector pCMV6 has been described previously . Enhanced green fluores-cent protein (EGFP) PAK1 K299R was subcloned into pEGFPN1 vector (BD Biosciences Clontech, Palo Alto, CA) by using standard cloning techniques. Transient transfection of PAK1 constructs into cells was achieved by using the SFV gene expression system (Invitrogen) as described previously or the Geneporter reagent (Gene Therapy Systems) following manufacturer's suggestions.
Microinjections
GST fusion proteins containing the PIX binding domain of PAK1 (aa 147-231), the NCK binding domain of PAK1 (aa 1-74), or the GTPase binding site of PAK1 (aa 67-150) were microinjected with rhodamine dextran into SK-BR-3 or ZR-75-1 cells at final concentrations of 2.5-3.0 g/l. Microinjections into the cytoplasm of cells were done with an Eppendorf 5242 microinjector and an Eppendorf 5171 micromanipulator. Viability was assessed on microinjections of ϳ200 cells from several coverslips by using propidium iodide, and viability was consistently Ͼ96% after microinjection on any given coverslip. Cells were placed in a humidified 5% CO 2 incubator for 30 min, and then fixed and stained for paxillin, vinculin, PIX, or pPAK as described previously. Microinjected cells were scored as having reduced amounts of PIX, paxillin, or pPAK-containing focal adhesions if there was a complete loss of these proteins from focal adhesions or a conversion of large focal adhesions to smaller focal complexes on the cell periphery, which contained PIX, pPAK, or paxillin. For live cell imaging experiments, cells were transfected with C-terminally tagged EGFP PAK1 K299R or EGFP PAK1 WT. Transfected cells were versene-treated and replated onto glass coverslips for microinjection. Replated cells were allowed to adhere and spread for ϳ6 h and then microinjected with the indicated peptide on a heated stage. Fluorescent images were taken every 30 s for a maximum of 1 h (or until PAK1 was displaced from focal adhesions) after peptide microinjection by using an Olympus IX 70 inverted microscope system equipped with a cooled 12 bit Micromax chargecoupled device camera (Princeton Scientific Instruments, Monmouth Junction, NJ) and ISEE analytical imaging software by using 60ϫ objectives. The area of focal adhesions as a percentage of total cell area was determined using the integrated morphometry analysis function of MetaMorph analytical imaging software.
RESULTS
Hyperactive PAK in Focal Contacts of SK-BR-3 and ZR-75-1 Breast Cancer Cell Lines
The study of Mira et al. (2000) demonstrated that some breast cancer cell lines have high endogenous levels of PAK1 and PAK2 activity due to the presence of an activated Rac3 GTPase. In the present study, we examined two breast cancer cell lines, SK-BR-3 and ZR-75-1, that have endogenous hyperactive PAK but no detectable hyperactive Rho GTPase. As shown in Figure 1 , both PAK1 and PAK2 activity was constitutively elevated in ZR-75-1 cell lysates, and PAK2 activity was elevated in SK-BR-3 lysates compared with cell lysates from the breast cancer cell line MDA-231 ( Figure 1 ) or a fibroblast cell line BHK-21 (our unpublished data). Immunoblot analysis demonstrates that comparable PAK2 protein levels were present in all cell types, although PAK1 expression differed ( Figure 1A ). The presence of activated PAK1 and/or PAK2 was confirmed by immunoprecipitation with an antibody that recognizes PAK1 and PAK2 (Knaus et al., 1995) followed by in gel kinase assay ( Figure 1B ). Similar results showing that PAK kinase activity is elevated in SK-BR-3 and ZR-75-1, but not MDA 231 cells were obtained using an in vitro kinase assay with myelin basic protein as substrate (see Supplemental Fig. 1 ). Because PAK activity has been linked to cytoskeletal rearrangements (Manser et al., 1997; Sells et al., 1997; Frost et al., 1998) , we examined the actin cytoskeleton with phalloidin staining and focal adhesions by vinculin staining. Interestingly, both SK-BR-3 and ZR-75-1 cells exhibited dramatic thickening of existing actin filaments and large atypical focal adhesions compared with MDA-MB-231 cells (Figure 2 ) or BHK-21 cells (our unpublished data). We used an antibody that detects phosphorylated S199/204 (Shamah et al., 2001 ) present in active PAK1 or S192/197 present in active PAK2, to localize activated PAK in these cell lines (Figure 3) . In both the SK-BR-3 and ZR-75-1 cells, the anti-phospho-PAK antibody specifically stained the focal adhesions, suggesting that the majority of activated PAK was associated with these structures. Notably, the pPAK antibody did not stain the focal adhesions in MDA-MB-231 cells. To confirm the specificity of this pPAK antibody for endogenous active PAK in focal adhesions, SK-BR-3 cells were transfected with the kinase inhibitory fragment of PAK 83-149 (PID) to specifically inactivate PAK. As a control, cells were transfected with the inactive mutant PID 83-149 L107F . Transfection of the PAK1 inhibitory domain (PID) abolished pPAK staining in focal adhesions in 98% of cells (n ϭ 174), confirming the specificity of this pPAK antibody for active PAK (see Supplementary Fig. 2 ). In contrast, transfection of the PIDL107F abolished pPAK staining in 3% of cells (n ϭ 102) (see Supplementary Figure 2 ). To further confirm the localization of endogenous activated PAK in focal adhesions, cells were stained with antisera that detects phosphorylated T423/403 in PAK1/2 (Sells et al., 2000) . Consistent with the results obtained with the S199/ 204 antibody, the T423/403 antibody showed the presence of active PAK1/2 in the focal adhesions of SK-BR-3 and ZR-75-1, but not MDA-MB 231 cells (our unpublished data).
In contrast to previous studies in which hyperactive PAK1 and PAK2 activity in breast cancer cells required constitutive Rac3 activation, we did not detect high levels of activated Rac1, Cdc42, RhoA, or Rac3 (Mira and Knaus, unpublished data) in these cell lines, as determined by the respective affinity-based assays (Figure 4 , A-C). Although we were able to detect an increase in the level of Rac1 GTP in response to growth factors such as heregulin ␤1 ( Figure  4D ), we cannot rule out the possibility that the basal endogenous RhoGTPase activation under the conditions used is below the limits of detection of the assays. In support of a requirement for RhoGTPase activity for elevated PAK ki- nase activity, treatment of cells with Clostridium dfificile Toxin B, which inhibits Rac, Cdc42, and Rho activity, substantially reduces PAK kinase activity in the SK-BR-3 and ZR-75-1 cells ( Figure 5A ). Furthermore, ectopic expression of dominant negative Rac1 or dominant negative RhoA dramatically decreases pPAK staining in focal adhesions in 76% (n ϭ 215) and 83% (n ϭ 111) of transfected cells, whereas expression of dominant negative Cdc42 affected pPAK staining in focal adhesions in only 26% (n ϭ 238) of transfected cells ( Figure 5B ). However, use of the dominant negative RhoGTPases and Toxin B treatment was accompanied by a dramatic reduction in actin stress fibers and focal adhesions in the treated cells (our unpublished data), making it impossible to conclude that the effects seen on pPAK staining were due to the loss of Rho GTPase activity (see following sections).
To test whether constitutive endogenous PAK activity required intact focal adhesion structures and/or an intact actin cytoskeleton, we induced loss of focal adhesions in two ways. First, the cells were treated with cytochalasin D at concentrations sufficient to disrupt the organized actin cytoskeleton and focal adhesions. Within 10 min of cytochalasin D treatment, PAK activity was noticeably decreased, and by 1 h constitutive PAK activity was abolished ( Figure 6A ). This correlated very well with loss of focal adhesion structures and actin stress fibers. Second, focal adhesions were disrupted by placing the cells in suspension. There was a dramatic decrease in constitutive PAK activity in the cells placed in suspension as opposed to attached cells, similar to the reduction of elevated PAK activity after cytochalasin D treatment ( Figure 6B ). Replating the cells restored the large focal adhesion structures, concomitant with relocalization of PAK to these sites and an increase in PAK activity. These effects were observed in both the ZR-75-1 and SK-BR-3 cells, and were not mimicked by serum starvation (our unpublished data).
Localization of PAK to Focal Adhesions Is Independent of Kinase Activity
To examine the molecular basis for the localization of PAK to focal adhesions in these breast cancer cells, we transfected SK-BR-3, ZR-75-1, and MDA-MB-231 cells with a myctagged PAK1 wild-type (PAK1 WT) construct. Myc staining revealed that PAK1 WT localized to focal adhesions only in the SK-BR-3 and ZR-75-1 cells, and not in MDA-MB-231 cells ( Figure 7 and Table 1 ). The inability of ectopically expressed PAK1 WT to localize to focal adhesion in MDA-MB-231 cells was not due to decreased levels of focal adhesion proteins thought to be important for PAK localization to focal contacts, such as paxillin and PKL (see Supplemental Figure 3) . A constitutively active PAK1 T423E also localized to focal adhesions in SK-BR-3 and ZR-75-1 cells, but localization was not kinase dependent, because expression of a kinase-dead PAK1 K299R or the PAK1 N terminus (which lacks the C-terminal PAK kinase domain) in SK-BR-3 or ZR-75-1 cells also resulted in localization to the focal adhesions (Table 1) . These data suggest that ectopically expressed PAK1 is abnormally recruited to focal adhesions in SK-BR-3 and ZR-75-1 breast cancer cells, and that this recruitment is independent of PAK kinase activity. In contrast to other cell lines, ectopically expressed active PAK1 did not disrupt focal adhesions in either the SK-BR-3 or ZR-75-1 cells, as measured by colocalization of active PAK1 with paxillin and vinculin (our unpublished data).
PAK Localization to Focal Adhesions Is Mediated via PIX
PAK has been shown in previous studies to have many binding partners, some of which have been reported to localize ectopically expressed PAK1 to focal adhesions in HeLa, Chinese hamster ovary, and NIH3T3 cells Zhao et al., 2000a; Brown et al., 2002; Manabe Ri et al., 2002) . Two such PAK binding partners are PIX (PAKinteracting guanine nucleotide exchange factor) and the adapter protein NCK . Immunocytochemistry revealed that both PIX and NCK localized with active PAK in focal adhesions of both SK-BR-3 and ZR-75-1 cells (Figure 8 ). We therefore examined whether the binding of PAK to either of these proteins was necessary for focal adhesion targeting. Expression of fulllength PAK1 (R193A, P194A) mutant, which can no longer bind PIX, or truncated forms of PAK1 (aa 67-150, aa 83-149), which do not contain the PIX binding domain, resulted in a diffuse, cytosolic localization in the SK-BR-3 or ZR-75-1 cells (Table 1 ). The localization of PAK1 to focal adhesions is not due to binding Rac or Cdc42, because a PAK1 mutant defective in Rho GTPase binding, PAK1 (H83, 86L), effectively localizes to focal adhesions. Expression of full-length PAK1 (P13A) mutant that does not bind NCK also resulted in localization to focal adhesions in SK-BR-3 and ZR-75-1 cells. These data suggest that the ability to bind to PIX is the major determinant for PAK localization to focal adhesions.
To establish the importance of the PIX-PAK interaction in focal adhesion localization, we determined whether introduction of a PAK1 fragment containing the PIX binding domain could displace PAK from focal adhesions. The peptide region of PAK used to disrupt PAK-PIX interaction contains the noncanonical, high-affinity proline-rich region of PAK, which binds to the SH3 domain of PIX . This site is present only in PAK1, PAK2, and PAK3, and a peptide encompassing this region has been previously shown to disrupt endogenous PAK-PIX interaction in cell lines (Obermeier et al., 1998; He et al., 2001) . EGFP-PAK1 (K299R) was transiently expressed in SK-BR-3 cells, where it localized to focal adhesions (Table 1) . The EGFP PAK1 K299R-expressing cells were then microinjected with GST fusion proteins containing the PAK1 NCK and Grb2 binding domains (GST-PAK, aa 1-74), followed by the PIX binding domain of PAK1 (GST-PAK, aa 147-231). After ϳ5 min, there was a significant decrease in the amount of EGFP-PAK protein found in the focal adhesions of cells microinjected with PIX binding domain compared with cells microinjected with the NCK and Grb2 binding domains (Figure 9 ). These data indicate a critical role for PIX in the localization of PAK to focal adhesions in SK-BR-3 breast cancer cells.
Displacement of PAK Disrupts Focal Adhesions
We examined whether loss of EGFP PAK1 from focal adhesions was a consequence of the disruption of focal adhesions, or whether it was due to a specific displacement of PAK from intact focal adhesions. SK-BR-3 cells were microinjected with the PIX binding fragment of PAK1, the NCK and Grb2 binding fragment of PAK1, or the GTPase binding domain of PAK1, and the presence of PIX and paxillin in the focal adhesions was determined by immunocytochemistry. SK-BR-3 cells were fixed and stained 25-30 min after microinjection, a time sufficient for loss of EGFP PAK1 from focal adhesions. As shown in Figure 10 , microinjection of the PIX-binding polypeptide resulted in a dramatic decrease in the number and intensity of PIX-containing focal adhesions in 88% of the cells (n ϭ 140). In contrast to the PIX-binding peptide, microinjection of the NCK or GTPase PAK peptides reduced PIX in focal adhesions in only 16% (n ϭ 155) and 10% (n ϭ 182) of SK-BR-3 cells, respectively.
To determine whether there was a selective loss of PIX from focal adhesions or a general disruption of focal adhesion structures, we examined the effects of peptide microinjection on paxillin and vinculin, two characteristic components of focal adhesions. Notably, injection of the PIX binding fragment of PAK1 resulted in a dramatic reduction in endogenous paxillin staining in 73% of the cells (n ϭ 295) (Figure 10 ). In contrast, injection of the NCK and Grb2 binding fragment of PAK1 resulted in only 28% (n ϭ 336) of the injected cells showing a reduction in paxillin staining (Figure 10 ). The inability of the NCK and Grb2 binding peptide to decrease the paxillin staining in the cells was not due to a delayed time course of focal adhesion turnover, because the paxillin-containing focal adhesions remained intact for up to 6 h after microinjection. Similar to the results with the NCK and Grb2 binding peptide microinjection, microinjection of the GTPase binding domain of PAK1 (aa 67-150) resulted in only 21% (n ϭ 171) of the cells displaying reduced focal adhesion staining of paxillin. In contrast, microinjection of the PIX-binding peptide in BHK fibroblasts or MDA-MB-231 cells, which both do not contain-endogenous PIX and active PAK in focal adhesions, had no effect on the level of paxillin in focal adhesions (our unpublished data). As with the effects of the PIX peptide on paxillin-containing focal adhesions in SK-BR-3 cells, microinjection of the PIX peptide in ZR-75-1 cells resulted in a reduction of paxillincontaining focal adhesions in 57% (n ϭ 60) of microinjected cells. These results suggest that PAK/PIX association and localization may regulate the turnover of paxillin-containing focal contacts in SK-BR-3 and ZR-75-1 breast cancer cells.
In contrast to the dramatic reduction in the size and number of paxillin-containing focal adhesions in SK-BR-3 cells after microinjection of PAK1, aa 147-231, the size and number of vinculin and zyxin-containing focal adhesions was not dramatically altered (see Supplementary Figure 4 ; our unpublished data). Microinjection of the PIX peptide resulted in only 13% of cells (n ϭ 110) and 26% of cells (n ϭ 137) displaying decreased focal contact staining of vinculin and zyxin, respectively. Similarly, microinjection of the NCK and Grb2 binding peptide resulted in 16% of cells (n ϭ 108) and 13% of cells (n ϭ 114) displaying decreased vinculin and zyxin staining, respectively. Quantitation of paxillin, PIX, and vinculin staining in cells microinjected with the PIX peptide demonstrated that the PIX peptide significantly reduces the total area of paxillin-and PIX-containing focal adhesions in SK-BR-3 cells, compared with noninjected cells or cells injected with the NCK and Grb2 peptide (see Supplementary Figure 4) . Notably, microinjection of the PIX peptide did not significantly reduce the area of vinculincontaining focal adhesions. Together, these results suggest that blocking the PAK/PIX interaction in SK-BR-3 cells specifically affects the localization of paxillin and PIX to focal adhesions without dissolving focal adhesions per se.
PAK Localization to Focal Adhesions Is Required for Abnormal PAK Activation
The localization of constitutively activated PAK to focal adhesions as evaluated by pPAK immunofluorescence, and the loss of PAK activity after disruption of these structures by cytochalasin D or suspension, strongly suggested that constitutive PAK activity was induced by its localization to the focal adhesions. We determined whether this localization was required for PAK activation. Cells were microinjected with the PIX binding polypeptide to disrupt PAK/PIX interaction, and cells were stained with antibody that detects phosphorylated S199/ 204 in PAK1 and S192/197 in PAK2. As shown in Figure 11A , microinjection of the 147-231 peptide resulted in a dramatic decrease in the amount of pPAK staining (S199/204, S192/197) in focal adhesions in 79% (n ϭ 128) of the cells. In contrast, microinjection of the NCK and Grb2 polypeptide resulted in a decrease of pPAK staining in focal adhesions in only 28% (n ϭ 197) of the cells. These results suggest that PAK localization to focal adhesions is required for PAK activation.
To confirm that elevated PAK kinase activity requires localization to focal adhesions, wild-type PAK1, active PAK1, or a PAK1 mutant, which cannot bind PIX, PAK1 (R193A, P194A), was overexpressed in SK-BR-3 cells, and kinase activity was assessed. In comparison with wild-type PAK1, PAK1 (R193A, P194A) displayed greatly reduced kinase activity ( Figure 11B ). These results are consistent with a requirement for focal adhesion localization for constitutive PAK kinase activity. An alternative explanation is that preventing PAK/PIX interaction per se blocks PAK activation. However, we could detect no change in the amount of PAK associated with PIX in immunoprecipitates from cytochalasin D-treated cells or cells placed in suspension, two conditions that result in PAK inactivation (our unpublished data). Furthermore, in BHK or MDA-MB-231 cells, which do not have active PAK kinase, PAK and PIX were constitutively associated as determined by immunoprecipitation and Western blot.
DISCUSSION
In the current study, we demonstrate that the breast cancer cell lines SK-BR-3 and ZR-75-1 contain high endogenous levels of activated PAK1 and/or PAK2 in the absence of detectable levels of active Rho GTPases. These results are in contrast to a previous study that showed that highly proliferative breast cancer cell lines such as MCF-7, T47D, and MDA-MB-435 contained high levels of activated PAK1 and PAK2 as a consequence of constitutive activation of endogenous Rac3 (Mira et al., 2000) . Our results indicate that endogenous, active PAK1 and PAK2 constitutively localize to large, atypical focal adhesion structures in SK-BR-3 and ZR-75-1 breast cancer cell lines. In contrast, active PAK localizes to membrane ruffles in the MCF-7 breast cancer cell line . Similarly, activation of ectopically expressed PAK1 by growth factor or induced wound healing results in localization of active PAK1 throughout lamellipodia and focal complexes at the tips of the lamellipodia (Sells et al., 2000) . To our knowledge, our data are the first demonstration of focal adhesion localization of endogenous, hyperactive PAK1 and PAK2.
Localization of PAK1/2 to Focal Adhesions
The molecular mechanism by which PAK, PIX and paxillin are recruited to focal adhesions is incompletely understood. It has been proposed (Brown et al., 2002) that PAK and PKL recruitment to focal adhesions by active Rac or Cdc42 involves a pathway in which PAK activation stimulated by active Rho GTPase binding induces a conformational change permissive for the "scaffolding function" of PAK, such that PAK can interact with adaptor proteins such as NCK and the guanine nucleotide exchange factor PIX via the proline-rich N terminus of PAK. The PAK/PIX complex is recruited to PKL via the interaction of PIX with PKL. The PIX and PKL interaction exposes the paxillin-binding domain of PKL, resulting in recruitment of the PAK-PIX-PKL complex to paxillin-containing focal adhesions. Binding of PIX to GIT1, which is highly homologous to PKL, has been shown to enhance GIT1 binding to paxillin (Zhao et al., 2000b) , but this has not been formally proven for PKL. PAK activation and phosphorylation of serine residues adjacent to the PIX binding site in PAK has been reported to dissociate PAK from PIX (Zhao et al., 2000a) , and this dissociation has been hypothesized to cause a loss of PAK from focal adhesions. However, the recruitment of PAK, PIX, and PKL to focal adhesions in the SK-BR-3, ZR-75-1 and MDA-MB-231 cells seems to be more complex than suggested by this model. First, PAK, PIX, and PKL constitutively interact in all cell lines examined in this study without high levels of active Rho GTPases being present. Second, active endogenous PAK and ectopically expressed, constitutively active PAK localize to large focal adhesions in the SK-BR-3 and ZR-75-1 cells. Finally, PAK, PIX, and PKL interact in MDA-MB-231 cells but this complex does not localize to focal adhesions (Stofega and Bokoch, unpublished observations) as would be predicted by the above-described model. Together, these data suggest that the regulation of the activity and localization of PAK in the breast cancer cells used in this study is atypical.
The results presented here suggest that the PAK-PIX interaction in SK-BR-3 and ZR-75-1 breast carcinoma cells plays a role in the maintenance of active PAK, PIX and paxillin in focal adhesions. Disruption of the PAK-PIX interaction could potentially decrease PIX association with PKL, resulting in disruption of the paxillin-PKL interaction and a loss of paxillin from focal adhesions. How the interaction of the PAK-PIX-PKL complex with paxillin regulates paxillin stability in focal adhesions is unclear. The regions of paxillin required for localization to focal adhesions do not overlap with PKL binding site on paxillin (Brown et al., 1996) . Recently, it has been shown that the PIX, GIT2, and paxillin interaction is regulated and that this interaction increases when paxillin is localized to focal contacts by ectopically expressed CrkII (Lamorte et al., 2003) . Whether enhanced association of PIX and GIT with paxillin regulates paxillin redistribution from the cytosol to focal adhesions remains to be determined.
Paxillin localization to focal adhesions has been reported to be regulated by its serine/threonine phosphorylation by an as yet unidentified protein kinase (Brown et al., 1998) . The interaction between paxillin and PKL, as well as the interaction between PKL and PIX, could be regulated by phosphorylation of PIX, PKL, or paxillin by PAK1 or an as yet unidentified protein kinase. PAK1 phosphorylates PIX and PKL in vitro Chong et al., 2001 ) and PAK3 has been reported to phosphorylate paxillin . It is possible that in the breast cancer cells used in this study, PAK-mediated phosphorylation of GIT or PKL enhances the association of PKL with paxillin, and plays a role in the constitutive recruitment of PAK, PIX and PKL to focal adhesions. Alternatively, paxillin association with PKL could regulate paxillin localization by modulation of the ARF GAP activity of GIT1 and/or PKL. Overexpression of ARF GAPs such as ASAP-1, PAG-3, and GIT1/2 induce the loss of paxillin from focal adhesions in fibroblasts (Kondo et al., 2000; Randazzo et al., 2000; Zhao et al., 2000b; Mazaki et al., 2001; Furman et al., 2002; Liu et al., 2002) . The mechanism by which overexpression of ARF GAPs affects paxillin localization has not been determined, although it has been suggested that modulation of the activation state of ARF1 could play a role. The effects of PAK-mediated phosphorylation of GIT1 on ARF GAP activity and the effects of PIX and paxillin binding to GIT1 on ARF GAP activity and endogenous ARF1 GTP levels have not been determined.
Activation of PAK1/2 in Focal Adhesions
Our results show that in SK-BR-3 and ZR-75-1 breast cancer cells, PAK1 and/or PAK2 are constitutively activated in the absence of high levels of RhoGTPases, coincident with their abnormal localization to focal adhesion structures. We established that PAK activation is dependent on association of PAK with PIX, and the PIX-mediated localization of PAK to focal adhesions. The requirement for PAK/PIX interaction for PAK activation in the breast cancer cell lines used in this Forest virus constructs encoding myc-tagged PAK1, kinase-dead (K299R), kinase active (T423E), or mutant PAK1 incapable of binding to PIX (R193, P194A). Cell lysates were immunoprecipitated with anti-myc antibodies and subjected to an in-gel kinase assay by using p47 phox peptide as substrate. Immunoprecipitated proteins were subjected to an anti-PAK Western blot to ensure equal loading. study most likely reflects the requirement for PIX-mediated focal adhesion localization of PAK for activation. In support of this, treatments that result in the loss of focal adhesions (cytochalasin D and cell suspension) abrogate PAK kinase activity but do not decrease the PAK-PIX interaction (Stofega and Bokoch, unpublished data) . Alternatively, the loss of PAK activation in suspension cells could result from mislocalization of a small pool of active Rac1GTP (del Pozo et al., 2000) . The local activation of endogenous PAK in focal adhesions in SK-BR-3 and ZR-75-1 cells may result from local activation of PAK via PIX, local activation of a Rho GTPase, an exclusion of PAK phosphatases, such as POPX (Koh et al., 2002) from PAK/PIX/PKL-containing focal adhesions, or a combination of all three. Alternatively, PAK may be activated by a RhoGTPase independent mechanism involving sphingosine signaling . Because the sphingosine inhibitor N-N-dimethyl sphingosine blocks PAK activation by sphingolipids and RhoGTPases , it was not possible to rule out a potential sphingolipid signaling contribution to PAK activation. Simply targeting PAK to focal adhesions does not result in PAK activation, because the ectopic expression of a PAK construct that contains the FAK focal adhesion targeting sequence does not result in activation, as measured by PAKdependent ERK activation (Lu et al., 1997) .
We cannot rule out the possibility that, in the breast cancer cell lines used in this study, there is a small pool of undetectable focal adhesion-localized activated GTPase that could stimulate PAK. Although we did not detect active Rac or Cdc42 in the p21 binding domain (PBD) affinity assay, this assay may not have been sensitive enough or have access to this pool of active Rac or Cdc42. Rho GTPases do contribute to PAK activation because treatment of SK-BR-3 and ZR-75-1 cells with Toxin B results in a decrease in PAK kinase activity. However, it is difficult to determine if the loss of PAK activity was a due to a specific RhoGTPase-dependent signaling event or a global disruption of focal adhesions and the actin cytoskeleton. Similarly, ectopic expression of dominant negative Rac or Rho (but not Cdc42) resulted in a decrease of PAK activation as measured by pPAK staining, but this loss of PAK activation was accompanied by a loss of stress fibers and PIX and/or paxillin form focal adhesions. To attempt to address the contribution of Rho GTPases to the activation of PAK in focal adhesions without disrupting the focal adhesions and actin cytoskeleton, SK-BR-3 cells were transfected with KD PAK or KD ϩ GTPase bindingdeficient PAK (KD PAK H83, 86L). KD PAK and KD PAK H83, 86L localize to focal adhesions (Table 1) , but only KD PAK abrogates pPAK staining in focal adhesions (see Supplememntal Figure 5 ). KD PAK abolishes pPAK staining in 89% of transfected cells (n ϭ 72), whereas KD ϩ H83, 86L PAK only abolishes pPAK staining in 5% of cells (n ϭ 102). Neither PAK construct perturbed focal adhesions as measured by the retention of paxillin in focal adhesions. The simplest explanation is that KD PAK, but not KD (H83, H86L) PAK sequesters locally active Rac or Cdc42 in the focal adhesions. Alternatively, KD PAK could be more effective at displacing endogenous, active PAK from focal adhesions, although both KD PAK and KD (H83, H86L) PAK seem to localize to focal adhesions (Table 1) . Recent evidence suggests that active Rac can be found at sites of integrin clustering (Del Pozo et al., 2002) . Both SK-BR-3 and ZR-75-1 breast carcinoma cells have ␣v␤5 and ␤1 integrins in the large focal adhesion structures (Sanders and Bokoch, unpublished observations) , and ligation and/or constitutive activation of these integrins could locally activate Rac and PAK.
PAK and Breast Cancer
Elevated PAK kinase activity and expression may play a role in breast cancer progression. PAK1 and/or PAK2 have been demonstrated to modulate the apoptotic response, cell proliferation, cell migration, and angiogenesis (Bokoch, 2003) , all processes that are critical for tumor progression. PAK1 protein levels and kinase activity are elevated in breast tumor samples, but not in adjacent normal breast tissue (Salh et al., 2002) . Moreover, there is a correlation between higher grade breast tumors and increased protein levels and kinase activity of PAK1 . There may be a functional link between enhanced PAK levels and PAK kinase activity and breast cancer. Targeted overexpression of PAK1 in mice leads to mammary gland hyperplasia (Wang et al., 2002) . In multiple human breast carcinoma cell lines, PAK1 and PAK2 kinase activity is constitutively elevated, and inhibiting PAK kinase activity in these cell lines decreases cell proliferation (Mira et al., 2000) . It has been proposed that there is a correlation between increased PAK activity and increased breast carcinoma cell motility and invasion . Ectopic expression of constitutively activated PAK1 in nonmetastatic MCF-7 breast carcinoma cells increased motility . Conversely, overexpression of kinase-dead PAK1 in the highly metastatic MDA-MB-435 breast carcinoma cell line decreased cell motility and invasion, concomitant with an increase in focal contacts and stress fiber formation . In contrast, in the SK-BR-3 and ZR-75-1 cells used in this study, there are large adhesions and large bundles of stress fibers in the presence of high levels of endogenous, activated PAK. The effects of PAK on stress fiber and focal adhesion formation are highly cell-type specific and may not depend on PAK kinase activity, because kinase-dead and kinase active PAK stabilize focal adhesions and stress fibers in endothelial cells .
Our data also indicate that there is not a simple correlation between increased PAK kinase activity and increased breast carcinoma cell motility and invasion. The SK-BR-3 and ZR-75-1 breast cancer cell lines are nonmotile, noninvasive, and nonmetastatic in nude mice (Thompson et al., 1992) , although these cell lines have high levels of active PAK1 and/or PAK2. In contrast, the highly invasive and metastatic MDA-MB-231 cells do not have high levels of PAK activity. The cellular context in which PAK is activated may play a role in increased cell motility. For example, in the highly invasive MDA-MB-435 cells, hyperactive Rac3 contributes to constitutive activation of PAK1/2 and c-Jun NH 2 -terminal kinase (JNK) (Mira et al., 2000) . Hyperactivation of Rac3 may act apart from or in conjunction with PAK to stimulate signaling pathways required for increased breast carcinoma cell motility and invasion. Recently, phosphorylation of paxillin by JNK has been demonstrated to increase cell motility (Huang et al., 2003) . In the absence of activated Rac3, JNK, or other signaling pathways, increased PAK kinase activity may not be sufficient for, nor conducive to, increased motility and invasion.
Although the SK-BR-3 and ZR-75-1 lines are not metastatic in nude mice (Thompson et al., 1992) , both cell lines were derived from breast carcinoma cells isolated from metastatic sites in breast cancer patients. Moreover, these cell lines will migrate and/or invade Matrigel in response to chemokines (Youngs et al., 1997) , cytokines (Tamm et al., 1989) , or members of the epidermal growth factor family of growth factors (Watabe et al., 1998; Yao et al., 2001) . It is tempting to speculate that in the proper environment, the SK-BR-3 and ZR-75-1 cells migrate, invade blood vessels, and metastasize to distant sites. Once the cells have reached the metastatic site, the formation of large focal contacts could firmly attach the tumor cell to the tissue and result in constitutive hyperactivation of PAK. On activation, PAK could promote angiogenesis, resistance to apoptosis, and cell proliferation and thereby promote tumor cell growth. The role of PAK in breast cancer cell invasion, metastasis, and maintenance merits further study.
